In clinical ischemia/reperfusion injury, damage resulting from oxidative and nitrosative stress is generally considered crucial for graft functioning. Yet, there is reasonable doubt that modern clinical transplantation including orthotopic liver transplantation (OLT) is associated with elevation of oxidative and nitrosative stress upon organ reoxygenation. We measured two biomarkers of oxidative stress, 15(S)-8-iso-prostaglandin F 2α (15(S)-8-iso-PGF 2α ) and cis-epoxyoctadecanoic acid (cis-EpOA), in human plasma during the entire time duration of OLT in nine patients suffering from end-stage liver disease. No considerable concentration changes of 15(S)-8-iso-PGF 2α and cis-EpOA were observed in plasma, indicating lack of oxidative stress. Creatinine-corrected urinary excretion of 15(S)-8-iso-PGF 2α in two urine samples collected 40-60 min and 60-240 min after reperfusion did not increase significantly. Previously, we found in the same patients that nitrosative stress, measured as 3-nitrotyrosine and 3-nitrotyrosinoalbumin, is elevated in the patients but did not change during OLT. 15(S)-8-iso-PGF 2α , cis-EpOA, 3-nitrotyrosine and other widely used biomarkers of oxidative stress, notably malondialdehyde (MDA), are produced both by chemical and enzymatic reactions. This important issue is rarely considered in the area of oxidative and nitrosative stress. In addition, many widely used analytical approaches such as the total antioxidant capacity (TAC) assay to quantitate oxidative and nitrosative stress in health and disease and during clinical transplantation lack reliability. New basic concepts of oxidative and nitrosative stress need to be drafted and implemented in vitro as well as in vivo in experimental and clinical settings. 
Introduction
Assessment of oxidative and nitrosative stress is based on the measurement of their respective so-called biomarkers. Application of this approach to in vitro and in vivo conditions in humans revealed involvement of oxidative and nitrosative stress in numerous diseases (1) . In patients suffering from end-stage liver disease, we measured higher concentrations of 15(S)-8-iso-prostaglandin F 2α (15(S)-8-iso-PGF 2α ) (2) and 3-nitrotyrosine and 3-nitrotyrosinoalbumin (3) than in healthy subjects. 15(S)-8-iso-PGF 2α and other F 2 -isoprostanes and 3-nitrotyrosine are generally considered reliable biomarkers of oxidative stress (lipid peroxidation) (1, 4) and nitrosative stress (5) , respectively. On the basis of the general assumption that elevated biomarker concentrations in biological samples are indicative of elevated oxidative and nitrosative stress, our findings on 15(S)-8-iso-PGF 2α , 3-nitrotyrosine and 3-nitrotyrosinoalbumin (2, 3) would suggest that liver diseases are associated with elevated oxidative and jcbmr.com nitrosative stress. However, oxidative and nitrosative stress represent a considerable challenge in this area of research (1, 5) , not least because both enzymatic and non-enzymatic sources including antioxidants such as reduced glutathione (GSH) commonly contribute to oxidative and nitrosative stress to a variable mostly of non-determinable extent. Thus, cyclooxygenase (6, 7) and myeloperoxidase are considerable contributors to 15(S)-8-iso-PGF 2α and 3-nitrotyrosine, respectively. Another example of the dual nature of oxidative stress is cis-epoxyoctadecanoic acid (cis-EpOA). cis-EpOA can be produced from oleic acid enzymatically by many hepatic cytochrome P450 (CYP) isoforms (8) . However, cis-EpOA can also be produced from oleic acid non-enzymatically (9, 10) . In serum samples of six young females (age range 12-18 years) with suspected paracetamol poisoning (serum paracetamol concentrations: 132, 166, 185, 270, 766, and 921 µM), we measured cis-EpOA concentrations of 47, 3723, 65, 275, 319, and 300 nM but did not find any correlation between paracetamol and cis-EpOA concentrations (unpublished observations). In humans suffering from end-stage liver disease, we measured plasma concentrations of cis-EpOA and found it to be lower than that in healthy subjects (8) . This finding may suggest diminished hepatic synthesis of cis-EpOA by CYP isoform and/or lacking elevated oxidative stress in liver disease. However, in plasma samples of the same patients, we found elevated 15(S)-8-iso-PGF 2α , 3-nitrotyrosine, and 3-nitrotyrosinoalbumin concentrations (2, 3), suggesting elevated oxidative and nitrosative stress in end-stage liver disease. Because of the duality of oxidative stress and for many other reasons, notably including analytical shortcomings and pitfalls (1), the conventional concept of oxidative stress in human disease has been questioned (1, 11) .
The total antioxidative capacity (TAC) of plasma is usually determined and used as a measure of oxidative stress instead of measuring individual biomarkers of oxidative stress. However, TAC assays have also several drawbacks and limitations (1, 12, 13) . There is evidence that several clinical, metabolic, or physiological conditions, not necessarily correlated with oxidative stress, may contribute to TAC of the plasma, thus potentially leading to questionable conclusions regarding the status of oxidative stress (reviewed in Ref.
(1)). Recently, we found that clinical ischemia/reperfusion studies in liver (3) and kidney and heart (14) do not result in elevation of nitrosative and oxidative stress challenge. In the present work, we report original data from the analysis of 15(S)-8-iso-PGF 2α and cis-EpOA in plasma samples collected during OLT in previous study (15) and discuss them in the context of oxidative stress.
Materials and Methods
The characteristics of the nine patients with end-stage liver disease who underwent full-size OLT in standard technique without veno-venous bypass (7 males, mean age 45.7 ± 14.7 years; 2 females of 42 and 58 years of age) have been described in detail elsewhere (15) . The study protocol was approved by the local ethics committee and the study was performed according to the guidelines of the Declaration of Helsinki. Written informed consent was obtained from all patients. Serial blood samples were taken from peripheral veins or from central venous catheters at the following time points: preoperatively, before anesthesia, after skin incision, 1 min before unhepatic clamping time, and 0, 5, 10, 20, 40, 60, 120, and 240 min after reperfusion. EDTA plasma was generated by immediate centrifugation (800 g, 5 min, 2 °C), aliquoted properly, and stored at −80 °C until analysis. Urine samples were collected preoperatively from spontaneous micturition (U1), 40-60 min after reperfusion (U2), and 60-240 min after reperfusion (U3) by means of urethral catheters. Urine samples were aliquoted properly and stored at −80 °C until analysis. The concentration of urinary free 15(S)-8-iso-PGF 2α was corrected for creatinine excretion and is expressed as nanomole of analyte per mole of creatinine.
Free nonconjugated 15(S)-8-iso-PGF 2α and total, that is, free+esterified 15(S)-8-iso-PGF 2α , and free cis-EpOA were measured separately each in 1-mL plasma aliquots using deuterium labeled analogs of 15(S)-8-iso-PGF 2α and cisEpOA, which served as internal standard by GC-MS/MS as described elsewhere (9, 16) . All GC-MS/MS analyses were performed on a Thermoquest TSQ 7000 triple-stage quadrupole mass spectrometer interfaced with a Thermoquest gas chromatograph model Trace 2000 which was equipped with a programmed temperature evaporation injector and an autosampler model AS 2000.
Results
In plasma, the concentrations of 15(S)-8-iso-PGF 2α and cis--EpOA did not change statistically significantly during OLT ( Figure 1A and 1B) and did not correlate with each other (r = 0.12, P = 0.72 considering all time points). Continuous concentration decays were observed for plasma 15(S)-8-iso-PGF 2α and cis-EpOA upon liver reoxygenation, with the decrease in cis-EpOA concentration being more pronounced ( Figure 1A and 1B) . In this period of time, plasma 15(S)-8-iso-PGF 2α and cis-EpOA concentrations failed statistical correlation (r = 0.63, P = 0.09) ( Figure 1C) . At the end of the OLT, the plasma concentrations of 15(S)-8-iso-PGF 2α and cis-EpOA were very close to their values at the beginning of the OLT, yet without reaching normal values in healthy subjects (2, 3) .
The creatinine-corrected excretion of 15(S)-8-iso-PGF 2α increased from (mean ± standard deviation) 135 ± 83 nmol/ mol (U1) to 204 ± 104 nmol/mol (U2) and to 186 ± 114 nmol/ mol (U3), yet with the increases failing to reach statistical significance (P = 0.057 and P = 0.064, respectively) ( Figure 2 ).
Discussion
Two proteomic studies revealed that the liver proteome changes during OLT; modifications were found to include upregulation of proteins associated with energy metabolism, various metabolic pathways, oxidative-stress antioxidant response, and lipid metabolism) (17, 18) . Unfortunately, the design of these studies did not allow to answer the question whether or not these modifications would finally result in elevation of oxidative and nitrosative stress. Previously, we found that the L-arginine/ nitric oxide (NO) pathway and related L-arginine-involving pathways changed during OLT (15) . The major change was abrupt and strong decay of plasma arginine concentration and concomitant abrupt increase in plasma L-ornithine concentration. This observation is best explained by assuming arginase-I release from the graft and conversion of L-arginine to L-ornithine activity upon liver reperfusion (15) . The relatively long-lasting increase in plasma L-arginine concentration could be an indication of a deficiency in the ubiquitously required cofactor ATP which is also required for the synthesis of L-arginine from L-citrulline. This important issue has not been adequately considered in the past (discussed in Ref. 19 ).
In the same study, we observed no statistically significant changes in the plasma concentrations of 15(S)-8-iso-PGF 2α (free+esterified) and cis-EpOA (free) during the entire period of the OLT. The greatest changes were observed for cis-EpOA of which the plasma concentration decreased continuously upon reperfusion. cis-EpOA can be formed by CYP-catalyzed epoxidation of oleic acid and the OLT patients of the present study had lower plasma cis-EpOA concentration than healthy subjects (8) . As CYP-catalyzed synthesis of cis--EpOA requires the cofactor NADPH (8, 20) , deficiency in NADPH after liver reperfusion may be an explanation for the continuous decay of plasma cis-EpOA concentration during OLT, which is analogous to the decrease in plasma Creatinine-corrected excretion of free non-conjugated 15(S)-8-iso-PGF 2α by nine patients who underwent OLT. Urine samples U1 were collected prior to anesthesia by spontaneous micturition. Urine samples U2 (40-60 min after reperfusion) and U3 (60-240 min after reperfusion) were collected by using urethral catheters.
L-arginine concentration presumably due to ATP deficiency (15) , as ATP is required for the synthesis of L-citrulline, the precursor of L-arginine.
While the plasma concentration of 15(S)-8-iso-PGF 2α did not change during OLT of the present study, the urine excretion of 15(S)-8-iso-PGF 2α seems to have increased upon reperfusion. This observation may suggest elevation of oxidative stress (lipid peroxidation) upon liver reperfusion. However, it should be kept in mind that 15(S)-8-iso-PGF 2α is also produced enzymatically by cyclooxygenase (COX) (4, 6, 7) . It is worth mentioning that the excretion of 15(S)-8-iso-PGF 2α and prostaglandin E 2 (PGE 2 ), a "classical" COX metabolite of arachidonic acid, also increased in patients undergoing cardiac surgery, both under placebo and upon N-acetylcysteine infusion (21) .
The urinary excretion of the major urinary metabolite of 8-iso-prostaglandin F 2α (IPF 2α -III) was found to be higher in patients with end-stage liver disease than in healthy control subjects and to increase intraoperatively during OLT (22) . These observations are in agreement with our observations on the parent compound 15(S)-8-iso-PGF 2α . As no analyses of the 8-iso-prostaglandin F 2α or of its metabolite in plasma were performed (22), it is not clear whether the increase in the urinary excretion of the metabolite seen intraoperatively is due to elevated excretion of the circulating 8-iso-prostaglandin F 2α metabolite or due to elevated synthesis and metabolism of its precursor 8-iso-prostaglandin F 2α during the OLT. 8-iso-Prostaglandin F 2α synthesis in the study (22) is likely to have occurred by the mediation of COX, presumably by the inducible form COX-2.
In other studies, TAC of plasma and thiobarbituric acid-reactive substances (TBARS) including malondialdehyde (MDA) were measured 5 min before, 15 min after reperfusion, and at the end of the OLT (23) . In that study, TAC values were found to decrease by about 10% after reperfusion and to reach the baseline value at the end of the transplantation; TBARS and TAC values did not correlate at each time point (23) . In another study, OLT was reported to result in about twofold elevation of red blood cell MDA and plasma lipid peroxide levels 120 min after reperfusion (24) . However, the clinical utility of plasma TAC assays is questioned because many factors including diet and altered metabolic pathways may falsely contribute to TAC independent of oxidative stress (1, 12, 13) .
Finally, in some OLT studies, measurement of biomarkers of oxidative stress in exhaled breath condensate (EBC) during OLT has been proposed (25) . However, the reported concentrations of H 2 O 2 (70-150 mM), 8-iso-prostaglandin F 2α (20-30 pg/mL), and NO (presumably nitrite+nitrate; 20-35 µM) in EBC are in part much too high (26, 27) and question the reported claims of elevation of oxidative stress upon reperfusion. The utility of 8-iso-prostaglandin F 2α in EBC as a biomarker of oxidative stress in human disease remains to be demonstrated (26) .
Conclusion
Oxidative stress is assessed by different means, which include quantitative determination of "established" biomarkers of oxidative stress and the measurement of the TAC of the plasma. Based on such approaches, oxidative stress was found to be involved in numerous diseases as well as in clinical ischemia/reperfusion injury including OLT. By measuring the "established" biomarkers of oxidative stress (i.e., 15(S)-8-iso-PGF 2α ), and nitrosative stress (i.e., 3-nitrotyrosine and 3-nitrotyrsoine albumin) using reliable gas chromatography-tandem mass spectrometry-based analytical approaches, we found that oxidative stress (present study) and nitrosative stress are elevated in patients with end-stage liver disease, but they do not change during OLT. In our study, we also used cis-EpOA, which is well established to be formed from oleic acid both by the catalytic action of several hepatic CYP isoforms and by oxidant species such as peroxynitrite. cis-EpOA was found at lower plasma concentrations in patients suffering from end-stage liver disease compared to healthy subjects and its plasma concentration seems to decrease upon reperfusion. These partially contradictory findings indicate that the traditional concepts of oxidative and nitrosative stress and the analytical approaches commonly used to measure their extent in health and disease and their changes during OLT seem to be a dead-end street. Obviously, new concepts and reliable analytical methods are required in in vitro and in vivo studies dedicated to oxidative and nitrosative stress. Special emphasis must be given to the dual nature of oxidative stress, which is the contribution of enzymes such as COX and CYP and of chemical oxidants such as hydrogen peroxide and peroxynitrite. Admittedly, generation and establishment of new concepts are formidable challenges and Sisyphean tasks. Regarding the analytical approaches, mass spectrometry is the most promising technique; however, it is not free of pitfalls (5) and must be used correctly both for low-molecular-mass and high-molecular-mass biomolecules (28) . In this work, we focused on OLT. However, we believed that the issues discussed here are likely to hold true for heart and kidney transplantation, and more generally for human disease. And a last but not least important issue is that scientists, that is, authors, reviewers, and editors, need to learn from mistakes made in the past (29) .
